The presence of Salmonella spp. in food is of increasing concern to the food industry, the public, and the regulatory authorities. In the United Kingdom, the number of cases of food-borne illness due to Salmonella are the second highest of any reported gastrointestinal infection and have steadily increased over the last 3 years (2) .
The conventional methods for Salmonella detection involving cultural steps are labor intensive and time-consuming, taking 4 to 5 days for detection and confirmation (5) . Therefore, there is an urgent need for rapid methods which would allow the industry to respond quickly to raw material and product contamination and which would also help with the early release of tested stocks of raw materials and finished products.
Since the first enzyme immunoassay for Salmonella spp. was reported by Krysinski and Heimsch (16) , immunochemical techniques have shown considerable potential. Several enzyme-linked immunosorbent assays (ELISAs) have been developed, using both polyclonal antibodies and monoclonal antibodies (MAbs) that will detect most Salmonella serotypes (9, 13, 19) . These assays and others have subsequently been developed in kit form and are available commercially. Although they reduce the total assay time by 1 or 2 days, most of the kits actually only replace the agar-plating stage of the cultural assay and even introduce a third, "postenrichment" broth before the sample can be assayed by ELISA (11) . Two of these kits have been declared official first action by the Association of Official Analytical Chemists (6, 7) , though all of them suffer to some degree from the disadvantages of false-negatives and false-positives (3, 10) .
In this paper, we describe an ELISA for Salmonella typhimurium which is both rapid and specific. The assay has been used as a model to show the feasibility of testing for Salmonella spp. within 1 day.
MATERIALS AND METHODS
Preparation of bacterial strains. (i) Bacteria. The following organisms were a gift from the Public Health Laboratory Service, Norwich, United Kingdom (U.K.): S. typhimurium, S. enteritidis, S. bredeney, and S. weltevreden. Other organisms used were S. agona, S. infantis, S. hadar, Klebsiella pneumoniae, Enterobacter aerogenes, and Escherichia coli * Corresponding author.
(all gifts from T. F. Brocklehurst, this laboratory); Erwinia carotovora subsp. carotovora and a nalidixic acid-resistant strain of S. typhimurium (gifts from B. M. Lund, this laboratory); and Citrobacter freundii NCTC 09750, Citrobacter koseri NCTC 10849, and Enterobacter aerogenes NCTC 10006 (obtained from the National Collection of Type Cultures, London, U.K.).
(ii) Cell suspensions for use in ELISA. Salmonella strains were grown for 18 h at 35°C on a rotary platform in a chemically defined medium (SCDM [12] ). SCDM was prepared as follows. Solution A contained the following, in grams per liter: (NH4)2SO4, 10.0; Na2HPO4, 30; KH2PO4, 15.0; NaCl, 15.0; Na2SO4, 0.055. Solution B was made up of the following, in grams per liter: MgCl2, 0.25; CaC12, 0.013; FeCl3 -7H20, 0.0006; yeast extract, 0.125; amino acids DL-tryptophan, L-histidine, L-proline, L-threonine, L-arginine, glycine, DL-a-alanine, and L-methionine, 0.31 (each). After being adjusted to pH 7.2, solutions A and B were autoclaved separately; then 100 ml of solution A was added to 400 ml of solution B. Finally, this mixture was supplemented with 10 ml of 25% (wt/vol) sterilized glucose. Cells were harvested by centrifugation, washed twice in saline (8.5 g liter-'), and suspended in saline. The protein content of the suspensions was measured by the method of Lowry et al. (18) , after which the suspensions were diluted in saline to 10 mg of protein ml-1 and stored at -70°C.
When necessary, a particular phase of H-antigen expression was selected by prior growth of the organism on soft heart infusion agar (5 g liter-1; Oxoid Ltd., Basingstoke, U.K.) containing thioglycolic acid (20 mg liter-') and 1% (vol/vol) antiserum to the unwanted phase (Wellcome Diagnostics, Dartford, U.K.). After incubation at 37°C, cells were picked from the leading edge of the spreading growth produced from a central inoculation point and inoculated into SCDM as described above, and the resulting suspensions were checked for the correct phase, using a slide agglutination test.
Non-Salmonella species were grown in nutrient broth (Oxoid Ltd.) for 24 or 48 h at 30°C, and suspensions were prepared as described above.
Production of polyclonal antibodies. Polyclonal antisera were raised in rabbits against S. typhimurium (H. A. Lee for the 22-h assay or 1 h at 37°C for the 3-h assay, the plate was washed and the assay was completed by using antimouse immunoglobulin M-HRP as described previously.
The incubation times were 3 h at 37°C for the 22-h assay or 1 h at 37°C for the 3-h assay.
Growth and detection of Salmonella spp. (i) Culture medium. In a preliminary study, various culture media were investigated for optimum growth of Salmonella spp., both in pure culture and in the presence of equal numbers of other members of the family Enterobacteriaceae. The media tested were M broth (22) To assess the effect of the chocolate-SCDM mixture on the performance of the ELISA, standard curves were constructed in chocolate-SCDM (25 g/225 ml) and in chocolate-SCDM diluted in PBS-Tween (1:10; vol/vol). These were compared with a standard curve in PBS-Tween alone.
(iv) Differentiation of viable and nonviable cells. Stuffing (prepared from sage, onion, and pork) was inoculated with high numbers of a nalidixic acid-resistant strain of S. typhimurium (3.8 x 106 g-1) and cooked inside chickens for various lengths of time in a microwave oven. After cooking, samples (1 g) of the stuffing were added to buffered peptonewater (9 ml) and treated in a Colworth stomacher. The samples were then diluted in buffered peptone-water to below the sensitivity of the assay (1:104, vol/vol) and measured in the 3-h ELISA before and after overnight incubation of the buffered peptone-water dilutions at 37°C.
Also, viable counts of Salmonella spp. in the cooked stuffing were performed on modified brilliant green agar (Oxoid Ltd.) containing nalidixic acid (20 mg liter-'), using a variation of the membrane enrichment technique (15) . The sample heated for the longest total time was also selectively enriched and plated as for the chocolate samples, using buffered peptone-water as the pre-enrichment broth.
RESULTS
MAbs. Several MAbs were raised to S. typhimurium, but the results reported all relate to MAb IFRN 0402, which belongs to the immunoglobulin M subclass.
Antibody cross-reactions. The cross-reactions of both the polyclonal antibodies and MAbs were studied by constructing dilution curves on cell-coated plates. The curves obtained were all compared with the curve on a plate coated with S. typhimurium as control. (An example of this with IFRN 0402 is shown in Fig. 1 .) The percent cross-reaction was calculated by dividing the antibody dilution obtained on the cross-reactant-coated plate at half-maximum optical density by the antibody dilution obtained on the S. typhimuriumcoated plate at half-maximum optical density. The results obtained in this manner are given in Table 1 .
MAb IFRN 0402 shows a small degree of cross-reaction with S. agona on cell-coated plates. When this serotype is tested in the antibody-capture assay, the percent crossreaction is 0.14% as calculated by dividing the mass of S. typhimurium to give half-maximal binding by the mass of S. agona required to give the same amount of binding. ELISA standard curves. Standard curves obtained for the 22-h S. typhimurium ELISA and the rapid 3-h ELISA are shown in Fig. 2 . Whole cells were used as the standards and were expressed as cell counts per milliliter. The within-and between-plate precision profiles for the 3-h assay calculated by the method of Ekins (4) are shown in Fig. 3 . The assay limits of detection, calculated by adding 2 standard deviations to the zero value, were 5 x 102 cells ml-' for the 22-h assay and 105 cells ml-' for the 3-h assay.
Investigation of growth media. Salmonella organisms were detected in the 22-h ELISA after 4 h of culture in SCDM, 4 to 6 h in modified M broth, and 6 h in M broth in both pure culture and mixed culture. It was decided to use SCDM for all further work. Growth of S. typhimurium, Escherichia coli and C. koseri in SCDM in mixed culture was identical, all cultures reaching a level of 108 cells ml-' after 11 h.
Detection of Salmonella spp. in the presence of large numbers of competing organisms. The presence of large numbers of microbial cells could interfere in the assay system in spite The viable count on the inoculum used for the chocolate samples showed that the samples had been inoculated at 5 and 500 cells 25 g-1. The ELISA results on these samples after incubation were 105 and 7.6 x 106 cells ml-1, respectively. This correlated with positives in the cultural assay. The uninoculated samples were negative in both assays.
(ii) Distinction between viable and nonviable Salmonella spp. All inoculated stuffing samples were negative by ELISA before incubation because of dilution of the sample beyond the assay sensitivity. However, the 0-, 20-, and 30-min cook times gave positive results after overnight incubation (Table  3) , with cell counts all greater than the upper limit of detection of the ELISA (4 x 106 cells ml-1). These results correlated with those obtained in the cultural assay and may provide a useful way of assessing the efficiency of a food process, such as cooking or irradiation, in killing Salmonella spp.
DISCUSSION
This study has shown the potential advantages of using a specific MAb (IFRN 0402) in an ELISA for S. typhimurium. The specificity of the assay is such that there is no need for selective culture and only one incubation step is necessary to allow damaged cells to recover and start multiplying. The specificity is illustrated by the study in Table 2 in which low numbers of S. typhimurium cells are incubated with increasing numbers of Escherichia coli and Enterobacter aerogenes. The results show that, even with 106 competing organisms in the initial inoculum, the ELISA still detects S. typhimurium. In this study, the growth of S. typhimurium was depressed by the presence of the other organisms. The cell count dropped from 4.9 x 109 ml-' in sample 1 to <2 x 106 ml-1 in samples 5 and 6 (Table 2 ) after 24 h of growth, as obtained by the cultural method. However, these low numbers of cells were still detectable by the antibody assay, despite viable counts of 7 x 109 of the two non-Salmonella species ml-'. This work shows that there is no crossreaction with either of these organisms at high levels, confirming the lack of cross-reactivity shown in Table 1 , and also the absence of other effects such as physical interference that might be expected at these levels.
Previously reported assays for Salmonella spp. (19, 20) (20) appeared to be fairly specific for Salmonella species, as the only reported cross-reacting organisms were Herellea vaginicola and Pasteurella pneumotropica. However, use of this assay with food samples has given a fairly high false-positive rate (3, 24) . In the present study, we have selected an antibody which recognizes an epitope which is more specific. In this way, it is possible to abolish any cross-reaction with non-Salmonella species and to omit a selective enrichment step with consequent reductions in assay time.
The standard curves shown in Fig. 2 The two studies in food show that this antibody-capture ELISA is largely unaffected by the food matrix. The chocolate-SCDM mixture caused slight inhibition of binding, depressing the actual values by <1 log cycle. The stuffing samples, which were diluted 1:104 (vol/vol) in buffered peptone-water, showed no effect on the standard curve. The study with inoculated chocolate shows clearly that low numbers of cells in food can be detected by the assay, and the study with inoculated sage and onion stuffing shows that the assay can be used to distinguish between viable and non-viable Salmonella spp., which can provide a useful way of assessing the efficiency of processing in killing Salmonella spp.
Work from this laboratory describing an ELISA for S. enteritidis in eggs, using a similar assay format, has also been reported (17) . We have shown that as few as 10 cells in one egg can be detected in 13 h by using a cultural step in SCDM followed by either a capture-antibody ELISA or a competitive ELISA.
While specific assays such as this one for S. typhimurium will be useful in epidemiological and other screening programs for known serotypes, and in clinical diagnostic work, an assay which can detect all types of Salmonella spp. is urgently needed by the food industry. With this ELISA as a model, we have shown that the approach of using specific MAbs can offer distinct advantages in terms of sensitivity and specificity, and ultimately of speed. 
